The development of tools for the prediction of nonrelapse mortality (NRM) after allogeneic hematopoietic stem cell transplantation (HSCT) would offer a major guidance in the therapeutic decision. Recently, the Hematopoietic Cell Transplantation-Specific Comorbidity Index (HCT-CI) has been associated with increased NRM risk in several retrospective studies, but its clinical utility has never been demonstrated prospectively in an adequately sized cohort.
The development of tools for the prediction of nonrelapse mortality (NRM) after allogeneic hematopoietic stem cell transplantation (HSCT) would offer a major guidance in the therapeutic decision. Recently, the Hematopoietic Cell Transplantation-Specific Comorbidity Index (HCT-CI) has been associated with increased NRM risk in several retrospective studies, but its clinical utility has never been demonstrated prospectively in an adequately sized cohort.
To this aim, we prospectively evaluated a consecutive cohort of 1937 patients receiving HSCT in Italy over 2 years. HCT-CI was strongly correlated with both 2-year NRM (14.7%, 21.3%, and 27.3% in patients having an HCT-CI score of 0, 1-2, and > 3, respectively) and overall survival (56.4%, 54.5%, and 41.3%, respectively). There was an excellent calibration between the predicted and observed 2-year NRM in patients having an HCT-CI score of 0 and 1-2, whereas in
Introduction
Allogeneic hematopoietic stem cell transplantation (HSCT) is an established therapy for malignant and nonmalignant hematologic disorders. In recent years, novel approaches, such as the reducedintensity conditioning regimens, have expanded the use of HSCT also to elderly patients or to patients otherwise ineligible for conventional transplants. HSCT still remains associated with a significant mortality and morbidity, although the Seattle team has recently observed a substantial reduction of nonrelapse mortality (NRM) and overall mortality in the last years. 1 Careful assessment of risks and benefits before transplantation remains however an essential issue. Three major factors influence NRM and overall survival (OS) after HSCT: the patient's disease, the type of transplant procedure and donor, and the patient's risk profile, which includes age, performance status, and presence of comorbidities. In an attempt to improve quantification of the patient's risk profile, Sorror et al recently proposed the Hematopoietic Cell Transplantation-Specific Comorbidity Index (HCT-CI) developed from a single-center retrospective analysis and internal validation. 2 The HCT-CI demonstrated capturing more pretransplant comorbidities than the previously used Charlson Comorbidity Index and to provide better assessment of NRM, defining 3 risk groups, with HCT-CI score of 0 (low-risk), 1-2 (intermediate risk) and Ն 3 (high-risk), respectively, showing linear predictions of NRM and OS.
On this premise, the HCT-CI score has been included as an eligibility criterion in some clinical trials, but it has never been externally validated by a large multicenter longitudinal study. Furthermore, it is not known how the clinical usefulness of the HCT-CI applies to all the different malignant hematologic diseases or whether its use should be preferably restricted to selected disorders. In this study, we prospectively collected comorbidity data to compute the HCT-CI score in a consecutive series of patients undergoing allogeneic BM transplantation in Italy. The primary aim of the study was to externally validate the HCT-CI in terms of calibration and discrimination in a multicenter, prospective study setting. As a secondary aim, we evaluated the usefulness of the HCT-CI in different patient subgroups.
Methods

Participating centers and data collection
All Italian centers performing HSCTs in adult patients and belonging to the national BM transplantation network (Gruppo Italiano Trapianto di Midollo Osseo [GITMO]) were asked to participate in this prospective, multicenter observational study. As it is mandatory for any GITMO center to enter information for all their consecutive transplants into the European Bone Marrow Transplantation (EBMT) database (Promise, Project Manager Internet Service; http://www. ebmt.org), we first updated the Minimum Essential Data section of the Promise database to include questions specifically assessing the presence/absence of all the comorbidities required to calculate the HCT-CI score. Permission to perform this study was obtained from the GITMO Clinical Studies Board. All patients provided informed consent in accordance with the Declaration of Helsinki for the analysis of their clinical data.
Eligibility criteria
Per protocol, we considered eligible for analysis only those first transplants performed from January 1, 2008 to February 1, 2011 on patients Ͼ 18 years for malignant or nonmalignant hematologic disease, and using peripheral blood stem cells or BM as cell source (thus excluding cord blood cells). This time frame was chosen because, from preliminary analysis of previous enrollment data, it was expected to yield at least about 200 cases for each of 4 prespecified diagnoses (acute leukemias, non-Hodgkin lymphomas, multiple myeloma, and myelodysplastic syndromes [MDSs] ).
Definitions
According to the EBMT criteria, 3 we considered as myeloablative any regimen with a total busulfan dose Ͼ 8 mg/kg, or cyclophosphamide dose Ͼ 120 mg/kg (or Ͼ 60 mg/kg if in combination with other drugs), or melphalan dose Ͼ 140 mg/m 2 or total body irradiation dose Ͼ 6 Gy; reduced intensity/nonmyeloablative conditioning regimens were all others regimens with dosages below the aforementioned limits. According to the original paper of Sorror et al, we defined acute leukemia in first complete remission, chronic myeloid leukemia in chronic phase, and MDS-refractory anemia as low risk diseases; high risk diseases were all other diagnoses. 2
Follow-up procedures
NRM was defined as death from nonrelapse causes; OS was defined as the time from transplantation to death for any cause. Data were censored at time of death or last available follow-up, as available from the mandatory EBMT update from each GITMO Center.
Statistical methods
Multiple imputation was used to account for sporadic missing values in covariates other than those affecting the HCT-CI, to allow multivariate analyses be carried in the whole dataset, using the Stata mi impute procedure. 4 Competing risks analysis was used to calculate the 12 and 24 months NRM cumulative incidence, using the Gray test to test differences between HCT-CI score groups. 5, 6 OS was estimated using the Kaplan-Meier method; hazard ratios were computed between subgroups using Cox regression for OS and competing risk regression for NRM, both stratified for center. Competing risk regression was used to compute NRM cumulative incidence rates, considering nontransplant mortality as the competing event. The predictive ability of the HCT-CI score was assessed using time-dependent receiver-operator curves analysis. 7 All computations were performed using Stata and the procedures cmprsk and survival ROC of the R statistical package. 8, 9 Results
Patients
A total of 44 of 46 (95.6%) of all GITMO centers performing HSCTs in adult patients agreed to participate in the study. From 3318 HSCTs performed during the considered time frame by the enrolling centers, 1937 were available for analysis. The reasons for exclusion from the study were as follows: comorbidities not reported (n ϭ 1167), second or more transplants (n ϭ 111), incomplete follow-up data (n ϭ 55), nonhematologic diseases (n ϭ 31), and lost to follow-up (n ϭ 17). There were no material differences in terms of OS and NRM between the 1937 evaluated patients and the 1167 who were excluded because of failure to report comorbidities (24-month OS, 53.9%; 95% CI, 50.8%-56.8% vs 56.6%; 95% CI, 52.5%-60.5%; P ϭ .23, respectively, in the evaluated/ excluded groups; 24-month NRM, 23.8%; 95% CI, 21.3%-26.5% vs 26.1%; 95% CI, 23.3%-30.6%; P ϭ .15 in the evaluated/ excluded groups). Table 1 reports the main characteristics and the prevalence of comorbidities in the cohort, 1119 patients (58%) being classified as low risk (HCT-CI score ϭ 0), 441 (23%) as intermediate risk (HCT-CI score ϭ 1-2), and 377 (19%) as high risk (HCT-CI score Ն 3).
Follow-up
The patient's follow-up totaled 1681 patient-years, with a median time of 10.1 months from transplantation (range, 0.03-38.77). During follow-up, 666 deaths were observed in the cohort (332 NRM, 334 disease-related deaths). At multivariate analysis, HCT-CI score, age above 50 years, high-risk disease, and unrelated donor were all associated with increased NRM and decreased OS ( Table 2) . HCT-CI score and high-risk disease were the strongest predictors of both NRM and OS, as apparent from multivariate analysis. Table 3 and Figure 1 report the OS and NRM for the low-, intermediate-, and high-risk HCT-CI score groups.
NRM prediction using the HCT-CI score
To validate the predictive ability of the HCT-CI score, we compared its performance in our dataset in terms of calibration and discrimination. 10, 11 Two-year NRM cumulative incidences, accounting for competing risks, and OS were used to compare the Table 4 . Figure 3 presents NRM and OS probabilities stratified for reduced intensity or myeloablative conditioning regimens and HCT-CI, after Cox (OS) or competing-risk regression (NRM) adjustment for all the variables presented in Table 2 .
Increasing HCT-CI score confirmed to be associated with higher 1-and 2-year probability of NRM and with lower OS, with a double NRM, and overall mortality risk in those patients having a score Ն 3. However, while the Sorror's 2-year predicted NRM nearly overlapped those observed in our cohort for low-and intermediate-risk HCT-CI scores, the HCT-CI predicted 2-year NRM did overestimate the observed 2-year NRM for the high-risk category (41% vs 27.3% respectively; Figure 4) .
In terms of discriminatory capability, the HCT-CI score showed a c-value of 0.60 and 0.54 for NRM and OS, respectively. Prespecified subgroup analysis disclosed significant differences in NRM prediction by the HCT-CI score, being higher in patients undergoing transplantation for lymphoma, MDS, and acute myeloid leukemia (AML) in first remission (Table 4 ). In contrast, in patients with multiple myeloma, the predictive ability was lower, with no clear NRM gradient between the 3 HCT-CI score groups and the lowest observed c-value.
Finally, we assessed the accuracy of data collected for HCT-CI scoring on a random set of 244 patients. These audits were made at the participating sites by researchers independent from the original abstractors, who recalculated from the patient charts the HCT-CI score completely blinded from the previous results. Discrepant results were observed in 26 of 244 patients, resulting in a shift of the HCT-CI score group in 9.8% of the audited sample: 13 of 26 had an increased HCT-CI score, 11 of 26 a decreased score, and in 2 cases the score remained unchanged (but with different individual comorbidities). However, there were no differences between the original and recalculated mean HCT-CI score (1.58 vs 1.60; P ϭ .66), and there were no differences in terms of NRM predictive ability between the original and recalculated HCT-CI, (c statistic 0.699 vs 0.700; P ϭ .911; both adjusted for age, sex, high-risk disease, donor type, and stem cell source).
Discussion
In this study, we primarily aimed at externally validate the HCT-CI, a widely used prognostic index originally proposed in 2005 2 whose usefulness has been subsequently reported only in studies based on limited, retrospective and mostly single-center patient series. To this aim, we prospectively enrolled a wide cohort of unselected patients consecutively undergoing allogeneic BM transplantation in Italy and evaluated the NRM and OS predictive ability of the HCT-CI, applying the same selection criteria originally used by Sorror et al. 2 To our knowledge, this is the first study aimed to validate the HCT-CI in a prospective large cohort analysis using a multicenter national registry.
As a first result, we were able to confirm that the HCT-CI is an independent predictor of both NRM and OS. However, whereas we observed a very good linear correlation between the predicted and the observed NRM in patients having a HCT-CI score of 0 and 1-2, the observed NRMs were considerably lower in patients having a HCT-CI score greater than 2. This finding therefore reduces the overall predictive value of the HCT-CI score, as indicated by a lower discriminatory c-value in our study (0.60 vs 0.65 reported by Sorror et al 2 ) and could be partly explained by an overfitting of the original regression model, a well-known statistical artifact that justifies the need for validation in external cohorts. 11 The reliability of the HCT-CI scoring is another important issue, particularly in multicenter studies, in which exposure misclassification could be a consequence both of intra-and between-center variability, and reduces the degree of association between HCT-CI and NRM. To assess the degree of intra-center data accuracy, we performed an audit on ϳ 12% of patient charts, finding only minimal changes in HCT-CI score that did not affect the final results of our study. Between-center variability could not be formally evaluated in our study, but we tackle this issue by stratifying our analyses for centers. Finally, another possible explanation of the different predictive capability of the HCT-CI score could well be the higher percentage of patients transplanted for MDS and chronic myeloid leukemia in the Sorror et al cohort. 2 In these 2 disease subgroups, our analysis disclosed that the NRM is remarkably high in those patients having a HCT-CI score Ն 3. Therefore, an additional explanation of the reduced observed NRM in patients with an HCT-CI score Ն 3 could therefore lie in the different sample composition of our cohort. Additional major differences exist between our study population and the population of the original study of Sorror et al. 2 First, we analyzed only adult patients. Second, our cohort had a different composition in terms of a higher percentage of high risk diseases (69% vs 41%) and of unrelated donors (50% vs 42%), more infections (11% vs 4%) but less psychiatric (3% vs 9%), mild hepatic (5% vs 16%), and mild pulmonary (10% vs 24%) comorbidities. Our cohort showed a higher proportion of patients having an HCT-CI score of 0. It is however worthwhile to note that, in our cohort, the baseline 2-year NRM risk in patients with a HCT-CI score of 0 was 14.7%, a value that nearly overlaps the Sorror et al-predicted NRM (14%). 2 Therefore, despite the unavoidable differences in patient composition and the different (prospective) design of our study, the comparability of the baseline estimates in the 2 studies strengthens the validity of our findings and the generalizability of the HCT-CI.
Prespecified subgroup analyses showed that, in patients having a HCT-CI score equal to 0, the NRM was similar for myeloablative and reduced-intensity/nonmyeloablative conditioning regimens, whereas in patients having a HCT-CI score Ն 1 the use of reduced-intensity/nonmyeloablative conditioning regimens was correlated with lower NRM rates during the first year. After the first year, however, the myeloablative group reaches a plateau, whereas in the reduced-intensity/nonmyeloablative conditioning regimen group, NRM continues to increase. The advantage of related donor compared with unrelated donor is evident across all the HCT-CI risk groups, but in the setting of transplant from related donor the absence (HCT-CI score ϭ 0) or presence (HCT-CI score Ն 1) of comorbidities shows a significant impact on NRM.
As a secondary finding, we demonstrated that the predictive ability of HCT-CI was higher in patients having lymphoma, as already reported, 21, 26, 27 or MDS, as already reported, 14, 15, 18, 28, 29 and in those receiving peripheral blood stem cells as stem cell source. On the other hand, the predictive value was much lower in patients having acute leukemias. However, because the decision to offer elective HSCT in patients with AML in first complete remission without high-risk characteristics is controversial, we analyzed separately the 413 AML patients who received HSCT in first remission. In these patients, the 2-year NRM was 9.1%, 11.4%, and 19.4% for the HCT-CI score groups 0, 1-2, and Ն 3 respectively. Although these findings should be taken very cautiously given the lack of randomization to HSCT in our cohort, they nonetheless suggest that the NRM risk in selected patients with no or few comorbidities could be very limited, and below the reported rate of death attributable to disease relapse, even in patients with AML at low risk of relapse (estimated to be ϳ 20%). 47 The same reasoning may be applied to patients with lymphoma or myelodysplastic syndrome because the NRM risk is increased more than 2-fold in patients having an HCT-CI Ն 3 compared with those having a score equal to 0. Therefore, our study further supports the need for appropriately designed studies investigating HSCT transplant in those patients having a low HCT-CI score predicting a low NRM risk.
In an additional subgroup analysis, we evaluated the predictive role of HCT-CI in patients undergoing reduced-intensity or myeloablative conditioning regimens. Given the observational nature of our study, we used a multivariate approach to weight the reciprocal contributions of HCT-CI and conditioning regimens to OS and transplant-related mortality, adjusted for high-risk disease, age, and donor type. In this analysis, HCT-CI was a determinant of both OS and NRM, whereas type of conditioning was related to OS but not with NRM, a finding that seems in keeping with a previously published report in a smaller series. 19 Our results support the hypothesis that HCT-CI score groups and myeloablative conditioning have an apparently additive effect in predicting survival: for instance, 2-year survival is similarly reduced by an HCT-CI score 1-2 in patients receiving reduced-intensity conditioning or by an HCT-CI score 0 in patients receiving myeloablative conditioning.
A possible limitation of the present study is the unavailability of the HCT-CI in a relevant fraction of all potentially eligible patients, given that 1167 of 3318 (35%) were excluded from analysis because, despite that the study formally started on January 1, 2008, some GITMO centers started to prospectively enter comorbidity data into the MEDAB database with some delay. This explains why several patients (potentially eligible for study because they received BMT in the per-protocol time-frame) were considered as missing. However, we did not observe any difference both in terms of OS and NRM between those patients in whom comorbidities were reported and those without, supporting the validity of our study and the absence of a relevant selection bias.
In conclusion, in the largest recent cohort of unselected patients undergoing HSCT so far described, we were able to confirm the clinical utility of the HCT-CI score, although with a slightly reduced discriminant capability. Furthermore, our findings suggest that the HCT-CI could have the potential to identify patients at low NRM risk that could benefit from a more intensive, transplantbased treatment strategy in selected disease subgroups. This latter finding needs to be further explored by appropriately designed randomized clinical trials. 
